Abstract: We propose a novel approach based on modeled blazed grating (MBG) to realize the mode conversion, multiplexing, demultiplexing, and switching in few-mode transmission fibers. The proposed grating can distribute different modes to different diffraction orders. We demonstrate the generation, multiplexing, demultiplexing, and high efficient conversion and switching of independent coaxial modes in a few-mode transmission fiber using MBG experimentally.
Introduction
As we know, the communication capacity of standard single mode fibers (SSMFs) has been closed to the ultimate Shannon capacity limit [1] . In recent years, several kinds of technologies are used to increase the capacity of optical transmission systems. Space-division multiplexing (SDM) techniques are possible to provide a new degree of freedom and potential to increase both the data rate per channel and the communications capacity per fiber [2] . Orbital angular momentum (OAM) and few-mode division multiplexing (MDM) techniques are two kinds of SDM techniques that have been attracting a lot of people and industries [3] , [4] . However, there is still no appropriate and economical fiber for long distance transmission of vortex lights more than 2-km so far. Therefore, at present, the MDM techniques over long haul few mode fibers seem to be a promising approach to increase the communication capacity. For MDM communication systems, mode multiplexing and de-multiplexing techniques are the most important.
While for next generation dynamic and elastic optical networks, all optical routing and switching, especially with high power efficiency and flexibility, are the most important techniques. We have known that in wavelength domain, the wavelength conversion or switching has low efficiency and scalability, which have no good solution so far. With the application of new dimension domain, such as mode of light, it is possible to utilize the mode domain to realize the high efficient conversion and switching. Therefore, mode conversion and switching techniques will soon also become important for optical networks [5] .
Previous solutions on mode conversion from fundamental mode (LP 01 mode) to high order modes are using spatial phase plate, long period fiber grating, tilted gratings, nanotaper, and so on [6] - [9] . There are also some works on mode multiplexing [10] . The most frequently-used method is using optical beam splitters in free space to multiplex modes together, which is complicated [11] . As increasing the number of modes, it needs more beam splitters and thus will induce large attenuation for multiplexing and de-multiplexing system. Another useful optical components is photonic lanterns, which can combine different modes by using all fiber components; however, it cannot realize the switching and dynamic routing of different mode channels.
In this paper, we propose a novel approach based on modeled blazed grating (MBG) to realize the high efficient mode conversion, mode multiplexing, and de-multiplexing in few-mode fiber. Most importantly, we also realize the mode switching with potential applications for dynamic optical networks.
Mode Multiplexing and De-Multiplexing Using Combined Modeled Blazing Grating
The spatial light modulator (SLM) can impose spatially varying modulation, including the phase and amplitude pattern, on a beam of light. SLM used in our experiment can only realize the phase modulation. In this way, we can use the SLM to convert the fundamental mode to desired high order modes [12] . The blazed grating can also combine or scatter different orders of diffraction light. Therefore, any LP modes can be realized and multiplexed together by combining the blazed grating with phase pattern.
To realize designated mode conversion using MBG, we first create x -or y -dimensional blazed grating utilizing the grating functions gðx Þ ¼ expðix Þ or gðy Þ ¼ expðiy Þ, where is equal to 2=d and d is the period of the blazed grating. Only x -dimensional phase modulation is used in this paper. The conventional phase information of LP 11a mode can be represented as
The MBG of LP 11a mode can be realized by combining the conventional phase plates and blazed grating, which can be represented as
where m represents different LP modes (LP 01 mode, LP 11a mode etc.,), and m will determine the diffraction angle of the mode, while ' m is the phase pattern of the designated mode. The combined MBG of LP 11a mode is shown in Fig. 1 . Similarly, we can also realize MBG of other high order modes by combining the corresponding phase pattern and blazed grating. Furthermore, several MBGs with different diffraction angles can also be combined as one, which can be referred to combined modeled blazing grating (CMBG). These MBGs can generate arbitrary modes, which can be the same or different. Adding up the MBGs, the function can be shown as
To demonstrate this method, five modes, including LP 01 , LP 11a , LP 11b , LP 21 , and LP 31 are used. The corresponding of the modes equal to (0, −1, +1, −2, +2) multiply an coefficient, where 0, −1, +1, −2, and +2 are the diffraction orders of the five modes, and the coefficient is determined by the x -dimensional resolution of the SLM and the diffraction angle needed. The CMBG combing procedure of the five modes is shown in Fig. 2(b) .
Then, the diffraction result of the CMBG is calculated with MATLAB, which is shown in Fig. 3(c) . The intensity profiles of different diffraction orders are arranged sequentially, and the orders are −2, −1, 0, +1, and +2, respectively. LP 21 mode can be judged from the leftmost intensity profiles, the left four modes can also be judged. The simulation result agrees well with our design. To verify the feasibility, the CMBG was loaded on SLM and a collimated Gaussian beam generated from a narrow linewidth laser was incident on it, as shown in Fig. 3(a) . Five intensity profiles could be captured by an infrared camera working around 1550 nm, as shown in Fig. 3(b) , and the mode intensity profiles were pure and had extremely low crosstalk. The consistency between the experiment and the simulation demonstrate that CMBG can be used as mode de-multiplexer. It is worth mentioning that the optical power of different modes can be adjusted through revising the weights of each modes.
Similarly, according to the principle of reversibility of light, if Gaussian beams at different diffraction orders are incident on the SLM conversely and one coaxial beam would be generated. That means the CMBG mention above could be used as the five modes multiplexer similarly.
The proposed CMBG can be used as mode multiplexer/de-multiplexer, and we have demonstrated an experiment setup for few mode fiber (FMF) transmission, as shown in Fig. 4 . The FMF in this experiment is two mode fiber, which can support LP 01 , LP 11a , and LP 11b mode. A narrow linewidth laser light was first split into three arms by a 1 Â 4 coupler, after that, three Erbium doped fiber amplifiers (EDFA) were used to amplify the light power of each arm and then all coupled from fiber to free space by collimators. Passing through the SLM that has been loaded with CMBG pattern, which is specially designed to support the three modes through the method mentioned above, three fundamental beams are then converted to LP 01 , LP 11a , and LP 11b mode and been multiplexed together into the two mode fiber.
The same CMBG was loaded on another SLM, which could be used as mode de-multiplexer. After propagating in two-mode fiber with 1 m length, the combined three modes light beams were then incident on the SLM. At different diffraction orders, the combined beam was modulated by different phase pattern. The mode was demodulated to fundamental mode at the diffraction order which corresponded to the multiplexer, while other modes were converted to high order modes. For example, LP 11a mode could only be de-modulated by the LP 11a phase pattern, but it would be converted to LP 21 by the LP 11b phase pattern and maintain the LP 11a mode through LP 01 phase pattern. Three collimators with single mode fibers were used to receive the demodulated fundamental mode. Besides, high order modes could not propagate in SMF. Furthermore, high order modes light beams have low intensity distribution at center areas, pinhole apertures was used to filter out these high order beams. The lens in Fig. 4 was used to make the three beams parallel and was helpful for focusing one single beam. We use infrared camera to capture the intensity profiles of the beams at different orders, the experimental result is shown in Fig. 5 . Fig. 5(a1)-(a3) are the intensity of LP 01 , LP 11a and LP 11b modes that are converted by different fundamental mode at SLM without beam combine, while Fig. 5(a4) shows the intensity profiles of coaxial beam. After propagation in transmission FMF, the beams are showed in Fig. 5(b1) -(b3) and (b4) shows the coaxial beam. From Fig. 5(c) , we can see the de-multiplexed beams converted to Gaussian beams.
The insertion loss (IL) of the input three modes to the output three modes are measured from the SMF connectors, the experimental result is shown in Table 1 . The same mode IL of LP 01 is lower than that of LP 11 , it's because that the 0 order diffraction of CMBG has higher diffraction efficiency than ±1 order. The insertion loss at the same mode are close to but smaller than that of modal multiplexer (Kylia M3 modal mux/demux) based on phase plates and beam splitters. It should be noted that through further optimizing the weighting factor of the MBG of each mode, the intensity of each mode can be equalized. The corresponding crosstalk between any two modes can also be calculated from the table, and it is more than 20 dB between LP 01 and LP 11a /LP 11b and ∼15 dB between LP 11a and LP 11b .
High Efficient Mode Switching Using CMBG
Different from photonic lantern and phase plate with fixed pattern, CMBG can adjust the transmitted modes by uploading different phase patterns. As using few modes as transmitted channels, we can use SLM at transmitter to multiplex multiple channels with different LP modes and de-multiplex them using another SLM at receiver. The switching of different channels can be realized by uploading different patterns to SLM at receiver. In this way, CMBG can also realize the mode switching and broadcasting of particular channel, which are the most important function in data center or next generation dynamic optical networks. In addition, the channel switching in mode domain is the linear conversion with high efficiency, which is very difficult to be realized by nonlinear conversion in the wavelength domain. Therefore, we can utilize the high efficiency characteristics of mode conversion to replace that in wavelength domain.
The experiment setup for channel switching in mode division is very similar to Fig. 4 . The LP modes used in experiment are LP 11a , LP 11b , LP 21a and LP 21b respectively. Firstly we design the pattern of CMBG, which can de-multiplex a Gaussian light beam to several high order modes, and the diffraction places of these modes are determined by in (3).
Equation (4) shows the method of channel switching in mode domain. By exchanging the diffraction orders of different modes, we can actually switching the mode channels at the receiver. In the mode switching experiment, the two exchanging modes are LP 21a mode and LP 21b mode. A four mode fiber was used in this experiment, which can support LP 01 , LP 11a , LP 11b LP 21a , LP 21b and LP 02 mode. Then, we designed a CMBG for multiplexing of LP 11a , LP 11b , LP 21a , and LP 21b modes, which were shown in Fig. 6(a) . The four-modes could be assigned at −2, +2, −1, and +1 orders. Fig. 6(b) is the simulation results of different diffraction orders of these modes. After propagating in four-mode fiber, the intensity profiles of the four LP modes were captured and shown in Fig. 6(c) .
The switching of modes could be realized through switching the phase pattern at corresponding orders. We choose LP 21a mode and LP 21b mode as the switching modes, by exchanging the diffraction orders of the two modes. LP 21a and LP 21b mode at −2 and +2 orders, respectively, were simulated and the intensity profiles were shown in Fig. 7(c) . Fig. 7(d) was the intensity profiles after mode switching. Using the similarly experiment setup as shown in Fig. 4 , the mode switching of LP 21a and LP 21b mode was verified by changing the CMBG from Fig. 7(a) and (b) . The intensity profiles captured were shown in Fig. 7(e) , from which we could assumed that the mode pattern had did exchange. The refresh rate of SLM is always more than hundreds of Hz, which is determined by the models. Therefore, the switching of LP modes through CMBG are highly efficient.
